Rates of the mass transfer in both continuous and dispersed phases were measured on single non-oscillating liquid drops moving through quiescent liquid field at Reynolds numbers ranging from 40 to 1200. The mass transfer experiments of both phases were performed on systems having high interfacial tension and iodine was used as the transferred material. For the mass transfer rate in the continuous phase, the experimental data are compared with analytical solutions obtained by use of the interfacial velocity of a drop proposed by Winnikow and Chao. For the mass transfer rate in the dispersed phase, the measured results are examined in the light of some theories proposed by other investigators. In both cases, the agreements between the experimental and the theoretical values are not satisfactory. Empirical equations for mass transfer coefficients in continuous and dispersed phases are obtained for the region of the intermediate Reynolds numbers.
Introduction
Many investigators have studied experimentally and theoretically mass transfer rates between single drops and its liquid surroundings. A large numberof the studies have been performed on the systems in low Reynolds number regions3'9'14 '23"27'33'40'45*. For the cases when drops are moving with oscillation through quiescent liquid fields, we presented the experimental results on the mass transfer rates in previous papers44'46*. The results showed satisfactory agreement with the theoretical analysis of Angelo et al}\ For the mass transfer rates at the intermediate Reynolds numberregion*, theoretical studies are very difficult because of mathematical complication of the governing equations. Therefore, the theoretical analysis for the mass transfer rate in the continuous phase have been developed by various approximate analytical methods5'14'26 '28'33'34'38'42*. For the case of the mass transfer rate in the dispersed phase, there is an analysis obtained by Harada and Eguchi17 work is defined as the region in which Reynolds number is more than 10 and less than the critical Reynolds number of drop oscillation. 280 studies for the mass transfer rates in the continuous and dispersed phases are also difficult in the region because the moving behavior of drops is effected sensitively by trace impurities and slight disturbance of liquid field, etc. There are few reliable data taken for the systems of high inter facial tension. The present paper is composed of three sections. The Section 1. 1 deals with the drag coefficients of single drops moving with internal circulation through quiescent liquid fields in the region of intermediate Reynolds number. In Sections 1.2 and 1. 3, the mass transfer rates in the continuous and dispersed phases for the drops in the region of present interest are discussed, respectively. The measurements of the mass transfer rates were performed for the systems of high inter facial tension, and iodine was used as the solute which was transferred from an aqueous glycerin solution to an organic solvent phase.
Experimental
The distribution coefficient of iodine between an aqueous liquid phase and an organic solvent phase was large in favor of the organic solvent phase as reported in a previous paper44) that the resistance to the mass transfer betweenthe phases could be considered to be exclusively on the aqueous liquid phase. Each of the organic chemicals except liquid paraffin and glycerin was purified by a rectification column. Laboratory deionized water was distilled in an allglass flask. The experimental apparatus and procedure used in both experiments were essentially the same as described in the previous paper44}, but a drop collector used for the experiment in 1.2 was smaller than that in the previous one. The device applied for the formation of drops of a desired size was a glass capillary with a suitable diameter, which was made for every run. The frequency of the drop formation was every 5-8 seconds for a drop so as to eliminate the effect of disturbance of continuous liquid field produced by a proceeding drop on the succeeding one.
The effective traveling distances of non-oscillating drops in a stationary liquid field were 3, 30 and 50 cm for the experiment in 1.2, and 5cm and 10-40cm at 10cm intervals in 1. 3. Summaries of the experimental systems and their physical properties measured at each experimental temperature are given in Tables 1 and 2, respectively. 1. 1 Moving behavior of non-oscillating drops It is convenient to represent the experimental results as a dimensionless plot of drag coefficient versus Reynolds number not only to compare them with the behavior of solid spheres, but also to examine the influence of fluid properties on the moving behavior of the drops. 
where b is a dimensionless parameter proposed by Chao4) and 08 is the polar angle at the flow separation measured from the frontal stagnation point on the (2) The results of the drag coefficient, CD, measured for the liquid-liquid systems listed in Table 1 
2 Mass transfer rate in continuous phase
Theoretical analysis on motion and mass transfer for single non-oscillating drops is difficult at ite>l because of the mathematical complication of the 282 governing equations. The equation for the mass transfer rate in the continuous phase around the drops in the region has been developed by various approximate analytical methods5jl4'26 '28'33'34'38'42) .
Experimental studies for the mass transfer rate have been reported by many investigators and some empirical correlations have been obtained9'12'16)37).
However, most of the mass transfer data were obtained for partially miscible binary systems having low interfacial tension9 '14'21>23) and few reliable experimental data were taken for systems of high inter facial tension.
In this section, experimental studies are shown on the mass transfer rate in the continuous phase for single non-oscillating drops at Reynolds numbers ranging from 40 to 300. The Systems 1 and 2 shown in Table 1 were used in the experiment, and iodine used as the solute was transferred from an aqueous continuous phase to an organic solvent drop phase.
Experimental results and discussion: Mass transfer coefficient, kC9 in the continuous phase around a drop during the steady motion period was calculated by,
where t is the residence time and A is the surface area of the drop assumed an equivalent spherical diameter. The value of N in Eq. (3) was evaluated as the difference between the total iodine quantity transferred into a drop for a given falling distance and that for the falling distance of 3 cmso as to eliminate the end effects in this experiment. The driving force, (Cc--C*), was almost unchanged (less than 1 %) during each of Generally speaking, the presence of impurities in liquid-liquid systems results in reducing the interfacial velocity on a drop6>43) and will increase solidlike behavior of the drop with decreasing drop size. According to Garner and Skellandlo'n), it is possible that the fluid inside drops circulates less readily with increasing the inter facial tension. In all events, it is clear that actual inter facial velocity on the drop differs from the theoretical one predicted by Eq. (2). The mass transfer data obtained in this workand those from the literature37) were well correlated by the following equation,
3 NtVT ( 6) The functional form of/i in Eq. (6) was determined from a modification of the inter facial velocity on the equatorial plane of a drop proposed by Shirotsuka and Hirata34), but a theoretical basis for the modification does not exist. Figure 4 The applications of the models were examined experimentally by several investigators13'17>24'30)35), but the results were not satisfactory in the region of intermediate Reynolds numbers. Although some modifications for the models have been attempted17>24'30i39), they are not always useful because they need experimental parameters. In this experiment, the mass transfer rates within the drops moving through quiescent liquid fields in a region of intermediate Reynolds numbers were measured by use oftheSystems 3, 4 and 5 shown inTable 1. The iodine used as the solute was transferred from an aqueous drop phase to a continuous solvent phase. Experimental results and discussion: Mass transfer coefficient, kd, within a drop during the period of steady movement is given from a differential material balance and the boundary conditions as follows, kd=-^j-jfM(Cd-C*)/(C* d-C*)} (7) An example of the experimental results for the System 3 is shown in Fig. 5 by other investigators8'19>20) are, in contrast with our data, higher than the solid line calculated by Eq. (5). As theoretical analysis for the mass transfer rate in the region of present interest is difficult, an empirical correlation of the results obtained in this work was attempted by dimensional analysis. Figure 7 shows the relation between the experimental dimensionless group, Sh/(Ca-X0 5), for the mass transfer rate and the experimental Fourier number, Fo. As the results, an empirical correlation for the mass transfer rate in dispersed phase was obtained as follows, Shd=3 .0
x WFo-°-5X°-5Ca (8) The solid line in the figure indicates the correlation expressed by Eq. (8) .
The differences between the correlation and the experimental results were approximately within ±30% as shown in Fig. 7 . The broken line in the figure is an empirical correlation obtained by Hayakawa and Shigeta20), which gives a higher value than that of Eq. (8) . The reason for the discrepancy is not clear, but it may be deduced that their drops might probably rise with abnormal motions such as zig-zag or wobbling since the C^-values of their original data19) were higher than those of solid sphere as shown in Fig. 1 . 1) The drag coefficients measured for drops of organic liquids falling through aqueous glycerin solutions were in good agreement with experimental data by Winnikow and Chao, but those for aqueous drops falling through organic solvent phases showed somewhat higher values than their data. The obtained data gave considerably higher values than the ones calculated by the theoretical equation of Winnikowand Chao. 2) The experimental data in the continuous phase for non-oscillating drops were expressed satisfactorily by an empirical equation, Eq. (6) . The equation also correlates the data for high inter facial tension systems available from the literature in the range of X<3 and Re>40.
3) The experimental mass transfer rates in the dispersed phase showed the time dependency as reported in the literature.
The 12, 751 (1966) .
Introduction
The study on heat and mass transfer to a rotating sphere in a stream is important in the analysis of heat or mass transfer between the circumferential fluid and the particles suspended in it3). Several studies have been reported on heat or mass transfer to/from a rotating sphere placed in a uniform stream. Froma hydrodynamic point of view, these studies should be divided into two classes. Whenthe angle a between the uniform stream and the axis of rotation of the sphere is equal to zero, the velocity profile around the sphere shows axially symmetry. On the other hand, when a^0°, the velocity profile is completely three dimensional so that it becomes very difficult to study it theoretically.
In the case of a=0°, Tanaka and Tago5) suggested a semi-empirical equation for the average mass transfer coefficients, which could correlate the experimental results well. Also the present authors2) obtained the local mass transfer rates by solving the laminar boundary layer equations, and the numerical results showed them in good agreement with the measurements. On the other hand, for a= Received December 1 , 1976. Correspondence concerning this article should be addressed to T. Furuta. 286 90°, Noordsij and Rotte4), and Tanaka and Tago5) measured the average Sherwood numbers, and moreover Eastop^obtained the average Nusselt numbers. Howeverall these investigations have been no more than the measurements of average heat or mass transfer coefficients.
In the present work, the local mass transfer rates of a sphere rotating in a uniform stream were measured for a=90°and 45°by means of the so-called electrochemical method. At the same time, also the average mass transfer coefficients were obtained to provide some discussions about the effects of a.
Experimental Apparatus and Procedure
The experimental apparatus is diagramatically shown in Fig. l(a) . Almost all the parts except for the test section are the same as that in our previous study2). The test section used for a=45°is illustrated in In the previous investigation2}, the local mass transfer rates to an isolated electrode were stationary during a revolution of the sphere, since the velocity profile around the sphere was symmetric about the axis of rotation. However, because a is not zero in the present work, the velocity profile becomes three
